Introduction
Organic-metal-halide perovskites crystals with the structural formula ABX 3 , where A is methylammonium, B is Pb 2+ or Sn 2+ , and X is I − , Br − , and/or Cl − , are emerging as a new class of solution-processable direct-bandgap semiconductors suitable for photonic applications [1, 2] , benefiting from their efficient radiative recombination [3] [4] [5] , large charge carrier mobilities [6, 7] , and high optical absorption coefficient [8] [9] [10] . Recently, organic-metal-halide perovskites were found to have strong saturable absorption with large modulation depth and very low saturation intensity at infrared (IR) wavelength, affording this kind of material large potential in nonlinear photonic applications [11, 12] . In particular, CH 3 NH 3 PbI 3 and CsPbBr 3 perovskite nanosheets have both been applied in fiber lasers for generating mode-locking pulses at 1 µm [13, 14] , with a pulse duration of 931 ps and 216 ps, respectively. However, there are some environmental concerns and health risks about using these materials in largescale applications because of the possibility of lead contamination arose from leakage from damaged devices [15] [16] [17] .
As a lead-free organic-inorganic perovskite, tin (Sn)-based perovskites (CH 3 NH 3 SnI 3 ) is an alternative material for optoelectronic devices to replace the currently used CH 3 NH 3 PbI 3 perovskite. For example, the Sn-based hybrid perovskites have been implemented in solar cells [15, 18] and photo-detectors [19, 20] . Apart from the merit of environmentally friendly, the CH 3 NH 3 SnI 3 perovskite has a relatively narrow optical band gap of 1.3 eV [18] . There is a significant red shift of its absorption edge compared with the CH 3 NH 3 PbI 3 (optical band gap: 1.55 eV [21] ). This suggests that the CH 3 NH 3 SnI 3 perovskite can potentially provide better performance for the applications in the NIR region due to its narrower band gap. It has been reported that CH 3 NH 3 SnI 3 in photovoltaic devices have stronger optical absorption at infra-wavelength and wider light harvesting range than their lead analogue [22] . However, the infra-optical applications especially nonlinear optical applications of CH 3 NH 3 SnI 3 are still largely un-explored.
In this work, CH 3 NH 3 SnI 3 perovskite microsheets were grown onto the surface of D-shaped fiber to construct fibercoupled saturable absorbers. By systematically investigating the nonlinear optical properties of CH 3 NH 3 SnI 3 perovskite, it was found that it has strong saturable absorption with a high modulation depth of 15.2% and low saturation absorption intensity of 76.5 MW cm . By inserting the CH 3 NH 3 SnI 3 perovskite saturable absorber into an Yb-doped fiber laser cavity, stable nanosecond mode-locked pulses were obtained. Our experimental results demonstrate that CH 3 NH 3 SnI 3 perovskite can be an excellent material candidate for ultrafast optical applications.
Material synthesis and characterization
CH 3 NH 3 SnI 3 crystals we used were prepared by precipitation from a hydriodic acid solution. The procedure was similar to that in previous report for CH 3 NH 3 SnI 3 [23] . We mixtured SnI 2 (372 mg, 1 mmol) and CH 3 NH 3 I (159 mg, 1 mmol) together into dimethylformamide (DMF) solution and then heated it at 70 °C. After stirring the solution for about 12 h, the color of the solution turned into light yellow. The black color CH 3 NH 3 SnI 3 crystals were obtained by dropping the hot yellow solution onto the SiO 2 substrate and annealing at 100 °C for about 15 min. Utilizing the above-mentioned procedures, we can also directly grow CH 3 NH 3 SnI 3 crystals on the D-shape fiber by dropping the reaction solution on it. All above experiments were operated under the protection of N 2 atmosphere.
Figure 1(a) shows the representative morphology of CH 3 NH 3 SnI 3 microsheets, which was characterized by scanning electron microscope (SEM) (HITACHI S-4800). It can be seen that the CH 3 NH 3 SnI 3 microsheet has square shape with a uniform and clean surface and the side length is around 75 µm. The crystal structure of CH 3 NH 3 SnI 3 crystals was characterized by x-ray diffraction (XRD), as shown in figure 1(b) . The main XRD diffraction peaks at 19.8° and 24.8° were observed, which can be indexed to the (1 1 0) and (1 1 1) facets of CH 3 NH 3 SnI 3 crystals, and agrees well with the previous report [24] . Besides, there are also some other diffraction peaks at 28.4°, 29.8°, 43.6° and 51.1°, corresponding to the (2 0 0), (2 1 0), (3 0 0) and (2 2 0) facets of CH 3 NH 3 SnI 3 crystals, respectively. The appearance of diffraction peaks of high-index lattice planes suggests that the CH 3 NH 3 SnI 3 microsheets have high crystalline quality.
To explore the optical properties of the CH 3 NH 3 SnI 3 microsheets, the photoluminescence (PL) and optical absorption spectra of CH 3 NH 3 SnI 3 microsheets prepared on quartz substrate were measured, as shown in figures 1(c) and (d). A strong PL emission peak at 924 nm was observed (figure 1(c)), which is in good agreement with the energy band gap extracted from absorbantion spectrum (figure 1(d)) as well as previous reported result [25, 26] . According to figure 1(d), the perovskite microsheets exhibit strong broadband absorption ranging from 350 to 1000 nm, which is mainly caused by the interband optical transitions between energy levels from valence band to conduction band.
CH 3 NH 3 SnI 3 saturable absorbers
By depositing CH 3 NH 3 SnI 3 flakes onto the D-shaped fiber, we successfully fabricated the CH 3 NH 3 SnI 3 based saturable abosrber device. To this regard, balanced twin-detector measurements were performed to investigate the nonlinear optical absorption of the device using a similar experimental setup as that reported in our previous work [27] . The major difference is that the laser source is changed to a passively mode-locked fiber laser with a central wavelength of 1064 nm, repetition rate of 18.2 MHz, pulse width of 1 ps and output power of 50 mW. An optical analyzer is used simultaneously to monitor the mode-locking state by a 5% coupler. We are able to control the input power by adjusting the tunable attenuator connected to the source. By continuously adjusting the incident power, the results of output power versus the input power are recorded by the power meter and consequently the optical transmittance under different input power can be obtained. We found that the optical transmittance of CH 3 NH 3 SnI 3 saturable absorber shows a nonlinear dependence on the input light intensity, as shown in figure 2 . The relationship between the optical absorption and the input laser power can be fitted by the following equation (1) [11] :
where α S is the saturable component (referred to as modulation depth), α NS is the nonsaturable component, and I S is the saturation absorption intensity. The CH 3 NH 3 SnI 3 saturable absorber interacts with the evanescent field of light passing through the D-shape fiber, and saturable absorption happens at higher light intensity compared to the common direct light illumination. The modulation depth (α S ), which is defined as the maximum change of absorption with the variation of incident light from low intensity to saturable intensity, is calculated to be 15.2%. This value is comparable to that of thick CH 3 NH 3 PbI 3 nanosheet and larger than that of graphene (~1% in monolayer graphene) and MoS 2 (<10% in few-layered MoS 2 ) at the same wavelength [28, 29] . It is noteworthy that the saturation absorption intensity (I S ), which is defined as the optical intensity required to reduce the absorption from a stable state to half of its unbleached value, is 76.5 MW cm −2 at 1 µm, two orders of magnitude smaller than that of CH 3 NH 3 PbI 3 nanosheets or bulk film [10, 11] . Such low saturable absorption intensity indicates a low modelocking threshold when it is employed to mode-locked fiber lasers [28, 29] .
Mode-locked fiber lasers
According to above discussion, the CH 3 NH 3 SnI 3 saturable absorber has a low saturation intensity and large modulation depth at 1064 nm wavelength, which implies its suitability for mode-locked laser application. The D-shape fiber (Phoenix SPF-C-SM-5 dB) with perovskite saturable absorber was further incorporated into a fiber laser cavity operating at 1064 nm wavelength. The way that tiling perovskite nanocrystals onto the side-polished fiber and forming evanescent wave coupling can efficiently enhance the light-matter interaction and avoid thermal damage of materials [30, 31] . Because the perovskite samples are organic-inorganic hybrid nanocrystals, which has relatively low thermal damage threshold, the side-coupling structure was adopted to replace the common sandwich structure (i.e. depositing perovskite nanocrystals onto the fiber end-face and interacting with light directly). The experimental setup is schematically shown in figure 3 . A 75 cm Yb-doped fiber (Thorlabs-Yb1200-4-125) worked as gain medium was pumped by a 980 nm semiconductor diode through a wavelength division multiplexer (WDM, 980 nm/1064 nm). A polarization-independent isolator is introduced to confine the unidirectional propagation of the in-cavity light. The intra-cavity polarization state is adjusted by a polarization controller (PC). A 10% port of coupler is used to control the laser output. The total laser cavity length is ~51.1 m. Before inserting the CH 3 NH 3 SnI 3 perovskite into laser cavity, we were only able to get a continuous wave even we adjusted the PC and increased the pump power from 0 to maximum value (591 mW). Once inserting the perovskite saturable absorber into the laser cavity, mode-locked laser pulses were successfully generated at the threshold pump power of 119.8 mW.
Then we kept increasing the pump power up to 258.6 mW and suitably adjusted the state of the PC, stable mode-locked pulse laser was obtained from CH 3 NH 3 SnI 3 perovskite, as shown in figures 4(a)-(d) .
A typical mode-locking optical spectrum is shown in figure 4(a) . Its 3 dB bandwidth is measured to be about 8.09 nm with the central wavelength at 1064 nm. Figure 4(b) shows the corresponding mode-locked pulse train with a repetition rate of 4.03 MHz, which matches well with the cavity length (51.1 m). The mode-locked laser pulse has a full width at half maximum (FWHM) of 1.77 ns ( figure 4(c) ), indicating that the optical pulse is heavily chirped. This large frequency chirp (time-bandwidth product is ~4330) is also a characteristic of dissipative soliton, whose formation is a natural consequence of the mutual balance between the cavity gain, loss, nonlinearity and dispersion. The RF spectrum ( figure 4(d) ) has been measured and the signal-to-noise ratio (SNR) is found to be over 70 dB. Moreover, harmonic frequency can be observed over 450 MHz range in the wideband radio frequency spectrum (inset of figure 4(d) ). This indicates the high quality of the output laser pulse from the laser cavity which operates at the stable range.
The relationship between the pump power and the output power is shown in figure 5(a) . Clearly, we can see that the output power increases linearly from 0.05 mW to 28.19 mW with the increase in pump power from 92.4 mW to 591.3 mW. The slope of the input-output power curve is 5.6% and the energy efficiency at pump power of 591.3 mW is 4.8%. The output power under mode-locking state is much smaller than that under continuous wave state due to the absorption of perovskite and the enhanced interaction of light with perovskite by using the D-shape fiber. It should be noted that the mode-locking state still remained unchanged even if the pump power increase up to the maximum value of 591.3 mW, which suggests a high stability of the perovskite mode-locked laser at high power. This is because the D-shape fiber coupled perovskite saturable absorber device can not only enhance light-matter interaction of perovskite with the evanescent field of light in the fiber, but also avoid potential optical damage of CH 3 NH 3 SnI 3 materials at high power. Meanwhile, our perovskite samples are organic-inorganic hybrid nanocrystals, which has relatively low thermal damage threshold, the introduction of the side-polished fiber is essential. It is noteworthy that the perovskite saturable absorber which is fabricated by the side-couple method can get stable mode-locking output with a long term (continually working more than 8 h in an ambient environment as shown in figure 5(b) ). We can clearly see that the mode-locked state is very stable and its 3 dB bandwidth did not change obviously even after 8 h of continuous work, showing a constant value of around 8.09 nm. These results on the nonlinear optical properties of CH 3 NH 3 SnI 3 perovskites may open up all types of future potential uses in ultrafast optics based on lead-free perovskite.
Conclusion
In conclusion, high-quality CH 3 NH 3 SnI 3 perovskite microsheets were grown by solution method and deposited onto a D-shaped fiber to form a fiber coupled saturable absorption device. Nonlinear optical characterizations indicate that CH 3 NH 3 SnI 3 perovskite has strong saturable absorption with a large modulation depth (15.2%) and low saturable intensity (76.5 MW cm −2 ). The D-shape fiber coupled perovskite saturable absorption device can not only enhance light-matter interaction of perovskite with the evanescent field of light in the fiber, but also avoid potential optical damage of CH 3 NH 3 SnI 3 materials at high power. By inserting the D-shaped fiber coupled perovskite saturable absorption device into an Yb-doped fiber laser cavity, typical mode-locking states were obtained. The mode-locking state remained unchanged at a high pump power of 591.3 mW. Moreover, the laser output remains stable under continuously running over 8 h. The results demonstrated in this work may trigger more potential use of leadfree perovskite in various photonic fields. edges the Monash Graduate Scholarship (MGS) and Monash International Postgraduate Research Scholarship (MIPRS) for his PhD research. 
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